Abstract. We calculate production of electron-and muon-pairs by the bremsstrahlung process in hadron collisions and compare it with the dominant two-photon process. Results for the total cross section are given for proton-proton and heavy-ion collisions at energies of the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC).
I Introduction
Dileptons produced in central heavy ion collisions are investigated as one of the possible signal for the formation of the quark gluon plasma. The electromagnetic production of these leptons mainly in peripheral collisions is the dominant background process and therefore has to be studied in detail. Furthermore the production of muon pairs has been proposed as a possible way to measure the beam luminosity in the storage ring at the Large Hadron Collider (LHC) [1] . In order to be comparable with other methods the rate of muon pair production has to be known to better than one percent. A recent study shows [2] , that inelastic photon emission processes, where the proton is excited to, e.g., a ∆, already contribute at this level. In this article we want to study the importance of the bremsstrahlung process for the total rate.
Counting powers of Z for different processes, one finds that the bremsstrahlung process is proportional to Z 6 , that is, two powers of Z enhanced compared to the dominant two-photon process (∼ Z 4 ). Therefore one could expect this process to be at least of the same order of magnitude as the two-photon process for very heavy ions. But for high energies it was found to be much smaller. An estimate of the cross section was done in [3] and a more detailed calculation for e − e + collisions at LEPII energies can be found in [4] . The two processes lead to lepton pairs with different C-parity. Therefore the interference between the two mechanism vanishes for the total cross section. It was found that only for large scattering angles of the projectile the bremsstrahlung production is dominant (see [5] for a calculation of pair production from muon-nucleus collisions). Large scattering angles do not contribute much to the total cross sections and for nuclei they are further reduced due to the finite size. Collisions with large momentum transfer are very likely to breakup the nucleus; the elastic form factor falls off quickly for large q 2 . 
II Lepton pair production
The cross section for the two-photon pair production has been calculated in the semi-classical approximation in [6] , where the fields of the colliding ions have been treated as external fields using also the straight line approximation. Small impact parameters, smaller than twice the nuclear radius, where the ions interact strongly, have been cut off. Whereas the analysis of [6] was mainly on studying the production of multiple (electron-positron) pairs, here we are considering only single-pair creation. The cross section for the bremsstrahlung pair production has been calculated in lowest order perturbation theory [7, 8] . One of the corresponding Feynman diagrams is shown in Fig. 1 .
Using 'Heaviside-convention', that is,
where 'A' or 'B' denotes one of the colliding nuclei. 'e + ' and 'e − ' denote the produced leptons, 'u(p, s)' and 'v(p, s)' are the usual Dirac spinors for the plane wave solution. Describing the heavy ions as spin-1/2 particles corresponds to giving them a magnetic moment corresponding to g = 2, much larger than their experimental value. But due to their large mass, spin dependent terms, which are of order 1/M , are effectively suppressed. Therefore our calculation is really independent of the real spin of the nuclei and is valid also for spin-0 nuclei. We are taking the finite size of the two nuclei into account by using elastic form factors ((6) and (7)). The cross section is given by
with the matrix element squared
In (2) and (4) we only consider the case, where ion 'A' emits the virtual (space-like) photon, that creates the pair. To this we have to add the diagrams, where the virtual photon is emitted by ion 'B'. Furthermore as the ions are identical, we have to add the contribution from the exchange diagrams. At high energies the interference terms between these different processes are completely negligible. In order to be significant they must have a sufficient overlap in the final phase space. We can estimate their importance by comparing the product of the absolute value of the matrix elements with the cross section of each of them. This estimation shows that we can neglect all interference effects. We get the total cross section by multiplying (3) by a factor of two, which accounts for the photon emission from ion 'B'. We calculate the trace in (4) with the help of the algebraical calculation program form [9] .
III The form factors
As mentioned in the previous section, we have to take into account the finite size of the nuclei. We introduce a form factor at each vertex in the Feynman diagram. This changes the equation of the absolute value squared of the matrix element in in (4) to
We need both space-like and time-like form factors for the nuclei. 'q 1 ' is the momentum transferred between nuclei 'A' and 'B' and is therefor space-like (q 2 1 < 0). 'q 2 ' is the momentum of the virtual photon creating the pair; as q 2 2 is identical to the invariant mass of the lepton pair, it has to be at least 4 m 2 lepton . Therefore it is time-like (q 2 2 > 0). In the space-like region we use the usual dipole form factor for proton-proton collisions
and for heavy ion collisions a Gaussian form factor
with
form factor is that they suppress collisions with a large q-value, corresponding to small impact parameter b. Therefore we do not correct for impact parameter smaller than 2R, where both nuclei interact strongly. This effect could be included in principle within a Glauber model approach but is technically rather involved. In addition our calculation (neglecting this effect), gives an upper limit of the true cross section.
In the time-like region we make use of vector meson dominance (VMD), that is, we assume that the photon couple to the hadrons through vector mesons only. We use a form factor F V MD as discussed in [10] . As done there, we neglect the dependence due to the fact that the intermediate nucleus is off the mass-shell. We do not sum over all intermediate states, taking only the ground state as intermediate state into account. In addition we don't take the absorption of the meson inside the nucleus into account. Both effects reduce the total cross section [11] , therefore our calculation is again an upper limit.
Here V is one of the different light vector mesons (ρ-, ω-or φ-meson) through which the photon couples to the nucleus. In our calculations we only include the VMD form factor for the ω-meson. The complex mass m V is then given by
with m ω = 782MeV is the ω-meson and Γ ω = 8.4MeV is its full decay width [12] . Due to this form of the form factor the differential cross section of the bremsstrahlung process has a very narrow resonance-like peak for invariant masses near the ω mass. As the form factor assumes that the vector mesons couples coherently with the whole nucleus, this form factor is an upper limit for the VMD contribution. For heavy ions it is very unlikely that the vector meson couples coherently to all the nucleons due to their large size. Therefore we make use of the VMD only for proton-proton collisions, neglecting it completely for the heavy ion case. Using on the other hand the cross section as a function of the invariant mass it is easy to calculate the total cross section for any realistic form factor.
We treat the two cases of electron-positron and muonantimuon pair production separately. For electronpositron pair production the differential cross section = dσ dMγ for invariant masses equal to vector meson masses is too small to contribute significantly to the total cross section (see Fig. 2 and Fig. 3) . In contrast to this they are important for the muon-antimuon pair production as their mass is comparable to them.
IV Results and conclusions
The total cross sections are obtained from (3) by a Monte Carlo integration over all possible final states (vegas [13] ). As the phase-space for this four particle final state is rather restricted, we have chosen the integration variable so that we integrate only over the allowed (physical) phasespace using the variables given in [14] . For this we split the four-particle phase-space into a chain of successive two particle decays integrating over the invariant mass of the intermediate states and the angles in the center of mass of the decaying particle. Momenta therefore have to be boosted from one center of mass system to the next one. Using these adequate phase space variables, the Monte Carlo integration can be done effectively.
A Total cross sections
We give the total cross sections for the bremsstrahlung production and the corresponding two-photon process for electron-positron (σ e − e + ) and muon-pairs (σ µ − µ + ) for RHIC and LHC energies in Tables 1 and 2 . The beam energy is giving in terms of the Lorentz gamma factor E = γ M in the collider reference frame (center of mass of the two ions). We have calculated results for different ion species: The total cross sections of bremsstrahlung production are compared with the results for two-photon production, also shown in Tables 1 and 2 .
B Differential cross sections of bremsstrahlung pair production
Figures 2 to 9 show the results for the differential cross sections as a function of the invariant mass of the produced pair ( dσ dMγ ) and also as a function of the angle with respect to the beam ( dσ dθ ). We do not show results using the VMD form factor. The effect of this form factor can be easily found by multiplying the cross section with the absolute value square of it (see (5) and (8)). It results in a peak around q 
C Conclusions
Comparing the results for bremsstrahlung and two-photon production in Tables 1 and 2 , we see that the bremsstrahlung production contributes only by < 3 × 10 −3 to the rate of the created pairs by electromagnetic processes in heavy ion collision. Please have also in mind that our calculation is an upper limit of this cross section, therefore the real cross section is expected to be even smaller. So the additional factor Z 2 in the cross section cannot make up for the almost divergent photon propagators in two-photon case. The matrix elements of the two-photon process contain denominators which are very close to zero. This corresponds to the exchange of quasi real photons and does not occur for the bremsstrahlung case. The differential cross section for bremsstrahlung production without using the VMD form factor is also small compared to the dominant two-photon case. If one includes the VMD form factor, one get a peak in dσ dMγ around the ω-meson mass. The peaks are absent in the two-photon case. This could be used as a way to get more insight into the VMD contribution to this process and especially the time-like form factor of the proton and of nuclei. With respect to the use of muon pairs as a luminosity monitor for the LHC, we see that the bremsstrahlung production seems to be too small to be of importance at the 1% level. The largest uncertainty in our calculations is the almost unknown time-like form factor of proton and nuclei. Another source of uncertainty is the contribution coming from intermediate states different then the proton or the nucleus in its ground state. It has been proposed recently [15] to study the interference of virtual Compton scattering and the Bethe-Heitler process as a way to extract nucleon properties, that is, the form factor for the lepton pair production in virtual Compton scattering. The result of such a measurement can be easily used to improve our calculations.
